Recently, there has been tremendous research interest in novel bismide semiconductor materials (such as GaBi x As 1−x ) for wavelength-engineered, low-loss optoelectronic devices. We report a first study of the quantum confined Stark effect (QCSE) computed for GaBi x As 1−x /GaAs quantum well (QW) structures based on largescale atomistic tight-binding calculations. A comprehensive investigation of the QCSE as a function of the applied electric field orientations and the QW Bi fractions reveals unconventional character of the Stark shift at low Bi compositions (x=3.125%). This atypical QCSE is attributed to a strong confinement of the ground-state hole wave functions due to the presence of Bi clusters. At technologically-relevant large Bi fractions (≥ 10%), the impact of Bi clustering on the electronic structure is found to be weak, leading to a quadratic Stark shift of the ground-state transition wavelength, similar to the previously observed Stark shift in other conventional III-V materials. Our results provide useful insights for the understanding of the electric field dependence of the electronic and optical properties of GaBi x As 1−x /GaAs QWs, and will be important for the design of devices in the optoelectronics and spintronics areas of research.
INTRODUCTION
Quantum confined Stark effect (QCSE), which is defined as the impact of electric field on the optoelectronic properties of nanostructures such as quantum wells (QWs) and quantum dots (QDs), has been extensively studied for a wide range of material systems [1] [2] [3] [4] . It plays an important role in the design of various photo-absorption and photo-emission devices such as electro-absorption modulators (EAMs), photovoltaics, and photo-diodes where the electric field mediated charge separation underpins the operation of the devices. For conventional III-V semiconductor quantum wells such as made up of InGaAs/GaAs or InGaAs/InP materials, the QCSE leads to a quadratic red shift in the optical transition energies and wavelengths. Recently unconventional QCSE was reported for GaN/AlN quantum dots [4] , where the application of an electric field introduced a blue shift of the optical transition wavelength. The unconventional QCSE was also reported for semiconductor quantum rings exhibiting linear or quadratic shifts depending on the direction of the applied electric fields [5] . This work, for the first time, investigates the character of the QCSE for GaBi x As 1−x /GaAs quantum well structures and reports a peculiar character of the QCSE at low Bi fractions (x), where the quadratic red shift changes to linear red shift depending on the applied electric field magnitudes. Moreover, this character is found to be highly sensitive to the spatial distribution of the Bi atoms within the QW region. The detailed large-scale atomistic simulations attribute the unconventional nature of the QCSE to a strong spatial confinement of hole wave functions. By varying both x and the orientation of the applied electric fields, our results indicate that the QCSE switches to a conventional quadratic red shift when the Bi fraction is increased above 10%, which is technologically relevant for devices working at the telecomm wavelengths. The presented results offer an in-depth understanding of the QCSE for GaBi x As 1−x /GaAs quantum wells and will be highly useful for the ongoing experimental efforts to design optoelectronic devices.
Alloying the conventional III-V semiconductors such as GaAs or InAs with a dilute fraction of bismuth (Bi) (x) leads to a novel class of alloys known as bismides [6] . One of the most widely studied bismide alloy, GaBi x As 1−x , has shown several unique properties such as a large band-gap reduction (≈ 90 meV/%Bi) with increasing x [7] [8] [9] [10] , a strong spin orbit coupling [11, 12] , a cross-over between the band-gap energy (E g ) and the spin split-off energy (∆ SO ) for x ≥ 12% [9, 10, 13] , and a strong confinement of the hole wave functions due to Bi pairs and clusters [13] [14] [15] . These promising characteristics of the GaBi x As 1−x material have opened new avenues for optoelectronic devices and sparked a tremendous experimental interest [16] [17] [18] [19] [20] [21] [22] [23] . For instance, the large band-gap engineering as a function of x provides opportunities to design optoelectronic devices operating in near to mid-infrared wavelengths [24] . The crossover between the band-gap energy and the spin split-off energy (E g < ∆ SO ) is expected to significantly suppress CHSH Auger loss mechanisms -the dominant source of internal losses 2 in semiconductor laser devices [11] . The strong spin orbit coupling has been proposed to offer benefits for spintronic applications [25] . Therefore, a comprehensive understanding of the electronic structure of bismide nanostructures in response to the applied electric fields is highly desirable for the emerging optoelectronic technologies.
The application of an electric field shifts electron and hole wave functions confined in nanostructures such as QWs or QDs in opposite directions reducing their spatial overlap. The tilting of the conduction and valence band edges due to the application of potential from the electric fields leads to a decrease(increase) in the confined electron(hole) energies, inducing a red shift in the optical transition wavelength. This effect has been observed in many conventional III-V QWs and QDs, both experimentally and theoretically. Despite tremendous ongoing experimental interests and significant relevance for optoelectronic technologies, to-date, there has been no study of the QCSE for GaBi x As 1−x /GaAs QWs.
In this work, we have applied a well-established and extensively bench-marked large-scale atomistic tight-binding theory to investigate the QCSE in GaBi x As 1−x /GaAs QWs as a function of both electric field orientations and Bi fractions. Our calculations revealed that at low Bi fractions (x=3.125%), the QCSE exhibits unconventional character. Upon a detailed study of the confined electron and hole charge densities and their electric field dependent shifts, we attributed the atypical character of the QCSE to a very strong confinement of hole states, which require large magnitude of the electric fields to shift. Somewhat surprisingly, at large Bi fractions x ≥ 13% where the ground-state transition wavelength is close to 1300 nm, the QCSE exhibits a symmetric quadratic red shift in the optical transition wavelength. This is because the presence of a large number of Bi atoms leads to a relatively uniform strain profile inside the QW region and hence the hole wave functions are more uniformly spread within the QW. Our calculations report that at x=13%, the ground-state optical transition wavelength is red shifted by ≈22 nm for a 40 KV/cm variation in the magnitude of the applied electric field, irrespective of its orientation. The size of the GaAs box was selected to be sufficiently large to enable proper strain relaxation of atoms and to ensure negligible inter-well couplings along the (001) growth direction. The Bi fractions (x) of 3 the QW structure are selected as 3.125%, 6.5%, 10%, and 13%, which correspond to 3072, 6389, 9831, and 12778 number of Bi atoms, respectively, randomly replacing the arsenic (As) atoms in the QW region. To investigate the effect of the lateral size of QW region, we increase the number of atoms in the QW region to 1.33 million and find that the lateral size effect on the electron and hole confinement wave functions is negligibly small. We also investigate five different random configurations to study the effect of the placement of Bi atoms as will be discussed in a later section. The ground state transition energy (GSTE) is computed from the difference between the lowest electron (e1) and the highest hole (h1) energies, and the ground state transition wavelength (GSTW) in the units of nm is defined as: GSTW = 1240/GSTE.
Strain and Electronic Structure:
The lattice mismatch between the GaAs and GaBi x As 1−x materials leads to strain in the crystal. We compute the strain from an atomistic valence force field (VFF) method [26] by properly relaxing the crystal structure. The electronic structure calculations are performed by solving a nearest-neighbor sp 3 s * tight-binding Hamiltonian, including spin-orbit coupling. The ground state electron and hole energies and wave functions at the Γ point are computed
for each Bi fraction in the quantum well region. The details of the VFF relaxation and tight-binding model parameters are published in our earlier work [10] . The model has been benchmarked against a number of experimental studies on both bulk GaBi x As 1−x materials [10, 13] and GaBi x As 1−x /GaAs QWs [15, 27, 28] . The charge density plots shown in figures 3 and 4 are plotted as follows:
Where ψ e and ψ h are the ground-state electron and hole wave functions corresponding to e1 and h1 energies respectively. The z − axis denotes the (001) plane. Note that in this work, charge density on anions is shown, however the charge density on cations exhibits similar trends and omitted for simplicity [14] . The computation of optical transition strengths includes charge densities on both cations and anions. The simulations are performed using NanoElectronic MOdeling (NEMO-3D) tool [29] .
Impact of Electric Field:
To study the QCSE, we investigate the effect of a static electric field whose magnitude is varied between -40 KV/cm and 40 KV/cm and the orientation of electric field is selected along the three primary crystal directions: (100), (010), and (001). The impact of electric field on electronic structure is computed by including a net potential in the diagonal part of the tight-binding Hamiltonian [30] . 
RESULTS AND DISCUSSIONS
Electric Field Dependence of GSTW: Figure 1 shows the GSTW plots as a function of the applied electric fields for various Bi fractions (rows) and the three orientations of the applied electric field (columns). The application of electric field along the growth or confinement direction ( F 001 ) leads to a conventional Stark effect irrespective of the QW Bi fraction. The GSTW red shifts when the magnitude of the electric field increases. For a net variation of 40 KV/cm in | F 001 |, we computed a change of approximately 22 nm, 12 nm, 25 nm, and 22 nm in the GSTW for x = 3.125%, 6.5%, 10%, and 13%, respectively. It is noted that the minimum value of the GSTW is not at zero electric field, which indicates that the charge carriers are not symmetrically confined in the QW region at zero electric field. It will be shown later that this asymmetry is primarily related to the asymmetric confinement of the hole wave functions, as the electron wave functions are nearly symmetrically confined along the (001) direction.
For the in-plane electric field orientations ( F 100 and F 010 ), the plots of the GSTW at x=3.125% showed a remarkable asymmetry with respect to the magnitude of the applied electric fields. The computed electric field dependent change in the GSTW is quadratic for -20 KV/cm ≤ F 100 ≤ 40 KV/cm and -40 KV/cm ≤ F 010 ≤ 20 KV/cm, and it is linear for -40 ≤ F 100 ≤ -20 KV/cm and 20 ≤ F 010 ≤ 40 KV/cm. In the next few sections, we will provide a detailed analysis of this atypical GSTW character by carefully analysing the electric field dependent electron and hole energies and charge density plots.
Here we note that when the Bi fraction in the QW region is increased, the QCSE becomes increasingly quadratic as have been widely reported for the conventional III-V alloys. At x=13%, the dependence of the QCSE on the applied electric field is completely quadratic and exhibits approximately 21 nm and 24 nm variations in the GSTW for the applied range of the F 100 and F 010 electric fields, respectively. These variations are similar to the ≈ 22 nm change in wave length for F 001 , indicating that at x=13%, the QCSE is symmetric with respect to the orientation of the applied electric field.
Built-in Dipole Moment and Polarizability:
To provide quantitative estimates of the changes in the band gap energies as a function of the applied electric fields, we fitted the GSTE, corresponding to the GSTW plots in Fig. 1 , to a quadratic equation of the form:
where E g (0) is the value of the GSTE in the units of eV computed without the application of electric field (| F m |=0), m is the orientation of the applied electric field, α is the permanent dipole moment in the units of eV.cm/KV, and β is a measure of the polarizability of the electron and hole wave functions in the units of eV.cm 2 /KV 2 . Table 1 The values in the Table 1 shows a general trend that for the studied GaBi x As 1−x /GaAs QWs, the value of R 2 increases as x increases. This suggests that at larger Bi fractions, an increasingly conventional behaviour of the QCSE is computed. For x=3.125%, there was not a single fit to the computed GSTE as the dependence on the in-plane electric fields ( F 100 and F 010 ) varies between the linear and quadratic functions. Therefore, two separate fits were performed as indicated in the table by symbols † and ‡.
From the table 1, we find that the values of α are larger at the small Bi fraction (x=3.125%) and they generally decrease as x increases. This indicates that the electron and hole wave functions are relatively largely separated at x=3.125%, which gives rise to a higher built-in permanent dipole moment. This will become clearer in the later sections when we will discuss the charge density plots where the hole charge density plots show a highly confined character.
The values of β, which is the measure of polarizability or the electric field response, increase when the Bi fraction in the QW region increases. This shows that at higher Bi fractions, the applied electric field has stronger impact on pulling the electron and hole charge carriers in the opposite directions, compared to the low Bi fractions. Therefore, a relatively large reduction in the spatial overlap between the electron and hole wave functions is expected for the QWs with Bi fractions above 10%, which are technologically relevant [31] .
Unconventional Stark Shift of Holes Energies: To further investigate the previously discussed unconventional character of the QCSE computed for x=3.125%, we plot the lowest electron (e1) and the highest hole (h1) energies as a function of the applied electric fields in Fig. 2 . For comparison, we have also plotted the same energies for x=13%. The corresponding plots for x=6.5% and 10% are provided in electric fields, irrespective of the filed orientations and Bi fractions x.
The Stark shift in the highest hole energies (h1) is quite different from the Stark shift in e1 and clearly depends on the value of x as well as on the orientation of the applied electric field. At large Bi fraction x=13%, the hole energy Stark shift is quadratic, similar to the Stark shift in e1 energy, which explains the conventional nature of the QCSE at x=13% (Fig. 1) . However, at x=3.125%, the Stark shift in the hole energies exhibits two atypical characteristics: firstly, the computed Stark effect of the hole energies exhibits linear dependence on the electric field magnitudes. It is also noted that the minimum value of h1 is not at | F m |=0, rather it is at F 001 =-10 KV/cm, F 100 =-20 KV/cm and F 010 =20 KV/cm.
Secondly, the field dependence of h1 energy is highly asymmetric on the direction of field: for -20 KV/cm ≤ F 100 ≤ 40 KV/cm, the slope of h1 dependence is 0.4 meV.cm/KV and it is -0. region. We will then discuss the dependence of the charge densities on the application of the electric fields.
Strong Confinement of Hole Wave Functions: Let's first look at the charge density plots for the QW with x=3.125%. Fig. 3 (a) shows the 2D color plot of the electron and hole charge densities in a (001)-plane passing through the center of the QW region. The electron charge density (e1) is distributed over the whole QW region although some places of stronger confinement are visible. On the other hand, the hole charge density is very strongly confined and present only inside a small region of the QW. This is also evident from the 1D plots of the charge densities in (b). The charge density plots in other directions shown in (c) and (d) exhibit the similar nature of the confinement. The strong confinement of the hole charge density is attributed to the presence of Bi clusters [15] . It is wellestablished that the presence of Bi in GaAs introduces Bi related resonance states within the GaAs valence band, which interact with the valence band edge through a band anti-crossing interaction [10] .
Therefore the presence of Bi clusters strongly impact the confinement of hole charge densities, whereas the electron wave functions remain relatively unperturbed and display envelope wave function character.
Recent experimental measurements have provided a clear evidence for the presence of Bi clusters [32, 33] .
We also increased the lateral size of the QW region to 36 nm consisting of 1.33 million atoms and found the presence of similar strong confinement of the hole wave functions at x=3.125% (see Fig. S3 in the supplementary material).
At the larger Bi fraction (x=13%), Fig. 3 (e) shows that the electron charge density is nearly uniformly distributed over the whole QW region. However somewhat surprisingly, the hole charge density is also significantly spread with a much weaker confinement and roughly looks like the electron charge density. This is also evident from the plots of the charge density in other directions given in (f), (g), and (h) parts of Fig. 3 . At x=13%, the QW region consists of 12778 Bi atoms (compared to 3072 for 3.125%), therefore the overall strain in the QW region is much more uniform compared to the x=3.125% case where relatively few Bi atoms implies isolated presence of Bi clusters. The charge density plots for the other two Bi fractions 6.5% and 10% are provided in the supplementary material section for reference (Fig. S4 ). These plots clearly exhibit a trend that the uniformity of the spatial distribution of the hole charge density increases as the Bi fraction of the QW region increases.
Spatial Shift of Hole Charge Density by Electric Field:
The application of an electric field shifts the electron and hole wave function charge densities in the opposite directions. Ideally if the electron and hole charge densities are symmetric and uniformally distributed in the QW region, the shifts in charge densities will also be symmetric around | F m |=0. However typically even at | F m |=0, the electron and hole wave functions are separated in a nanostructure (QW or QD) due to the random alloying effect or shape asymmetry of the nanostructure [34] . This leads to inequivalent shifts in the charge densities where the electrons and holes are differently impacted by the same magnitude and direction of the electric field. Another form of asymmetry in the QCSE has been previously observed, which is linked with the preferred spatial confinement of the electron or hole wave functions that then leads to inequivalent Stark shifts of the corresponding energies depending upon the positive or negative sign of the electric fields [34] . We have provided the electric field dependent charge density plots for x=6.5%, 10%, and 13% in the supplementary material (Fig. S5) , which exhibit increasingly conventional shifts as
x increases, previously observed in many other III-V QWs studies. In Fig. 4 , we only focus on x=3.125%
case where the hole charge density is strongly confined in a small region of the QW as shown in (a).
The confinement of the hole wave functions towards the bottom right corner of the (001)-plane implies that the application of electric fields F −100 and F 010 along the (-100) and (010) directions will have to significantly displace the charge density towards the opposite edge as indicated by arrows in Fig. 4 (a) . Fig. 2 (b) . To explain it further, we have provided a schematic diagram in the supplementary material section (see Fig. S6 ).
The application of the electric field tilts the valence band edge such that the band edge energy in the 0 ≤ d 100 ≤ 8 nm region increases whereas it decreases in the region bounded by 8 ≤ d 100 ≤ 16 nm, where d 100 is the distance along the (100) direction. Since for -20 ≤ F 100 ≤ 40 KV/cm the hole wave function is confined in the 8 ≤ d 100 ≤ 16 nm region, therefore its energy decreases. For -40 ≤ F 100 ≤ -20 KV/cm, the hole wave function shifts in the 0 ≤ d 100 ≤ 8 nm region where the VBE is tilted towards higher energy, so the hole energy immediately increases with a larger slope.
The same phenomena happens when the electric field direction is along the (010) direction. As shown in the lower row of the Fig. 4(b) , the hole wave function is now confined in the 0 ≤ d 010 ≤ 8 nm region at zero electric field magnitude (Fig. S6) . For Contrarily, the electron wave function exhibits a conventional shift when the electric field is applied:
it immediately shifts towards the decreasing side of conduction band edge as soon the electron field magnitude is increased above zero. Therefore the Stark shift of electron energy is quadratic for all directions of the applied electric fields. We also note that the shift in the hole energies is linear due to the stronger confinement, compared to the quadratic shift in e1 energies due to weaker confinement of the corresponding wave functions. presence of the hole wave function close to the centre of QW region which implies that the application of a small non-zero electric field is sufficient to shift the hole wave function in its direction. This is the reason why we see the minimum value of the GSTW is at F 100 =0.
Inter-band Optical Transition Strengths: Fig. 5 plots the optical transition strengths (OTS) as a function of the applied electric fields for various Bi fractions in the QW region. The momentum matrix element between the ground electron and hole states is computed as follows [35] :
where α and β indicates the spin up and down states, H is the tight-binding Hamiltonian in sp 3 s * basis, and − → n = − → n i − − → n j is the spatial distance between atoms i and j. For TE mode OTS calculation, − → n is equal to − → x i − − → x j and it is equal to − → z i − − → z j for the TM mode OTS calculation. After calculting the momentun matrix elements, we compute the TE and TM mode optical transition strengths (TE 100
and TM 001 ) from Fermi's Golden rule (by summation of the absolute values of the momentum matrix elements including spin degenerate states) [35] :
The OTS between the ground-state electron and hole states is strongly dependent on the overlap between the corresponding wave functions. The application of an electric field shifts the electron and hole wave 13 functions in the opposite directions, leading to a decrease in the spatial overlap between them. This results in a decrease in the OTS magnitude as a function of the electric field. This is true for all the Bi fractions and for both electric field orientations plotted in Fig. 5 . The plots also exhibit two general trends for the OTS. The first is as a function of the Bi fraction x: the magnitude of the OTS increases when x increases which is true for both F 100 and F 001 fields. This is because the hole wave function is highly confined at low Bi fractions and it results in lesser overlap with the relatively uniformly confined electron wave function. The second trend is related to increase in the electric field magnitude, which leads to an overall larger decrease in the OTS magnitude at higher Bi fractions when compared to the low Bi fractions. This is related to the electric field induced shift in the hole wave functions, which is stronger due to the weaker confinement level of electrons and holes. As the shift in electron wave functions is relatively similar for all x, a larger decrease in the electron-hole wave function spatial overlap leads to a correspondingly larger decrease in the OTS magnitude for x=10% and 13%.
CONCLUSIONS
Based on large-scale atomistic tight-binding simulations, we have investigated the quantum confined Stark effect (QCSE) for novel GaBi x As 1−x /GaAs quantum wells. To provide a comprehensive understanding of the QCSE, we have varied the magnitude and orientation of the electric field for four different Bi compositions x= 3.125%, 6.5%, 10%, 13%. Our results have revealed that at low Bi fractions (x=3.125%), the character of the QCSE is dominated by the strong confinement of the hole wave functions due to the presence of Bi clusters. This leads to an unconventional nature of the QCSE. At large Bi compositions, the hole wave function confinement is weakly dictated by the presence of the Bi clusters, and therefore the QCSE exhibits a conventional quadratic dependence on the electric field irrespective of its orientations. At technologically relevant 1300 nm wavelength reported for the 13% Bi fraction, we have computed an overall shift of 22 nm in the GSTW based on a 40 KV/cm variation in the magnitude of the electric field, irrespective of its orientation. Our results document the first study of the QCSE for technologically relevant GaBi x As 1−x /GaAs QWs and provide useful guidance to design optoelectronic and spintronic devices. 
